The integration on silicon of epitaxial BaTiO 3 films, combining c-orientation, surface flatness and high ferroelectric polarization, is of main interest towards its use in memory devices. This combination of properties has been only achieved so far by using yttria-stabilized zirconia (YSZ) buffer layers. Here, the all-perovskite BaTiO 3 /LaNiO 3 /SrTiO 3 heterostructure is grown monolithically on Si(001). The BaTiO 3 films are epitaxial and c-oriented, and present low surface roughness and high remnant ferroelectric polarization around 6 μC/cm 2 . This result paves the way towards the fabrication of lead-free BaTiO 3 ferroelectric memories on silicon platforms.
BaTiO 3 (BTO), a ferroelectric oxide with high polarization, piezoelectric and electrooptic coefficients, is a major candidate for lead-free devices based on piezoelectric or ferroelectric thin films. [1] [2] [3] [4] For example, a-oriented BTO on silicon has permitted integrating optical devices with improved properties respect the commonly used LiNbO 3 . 5, 6 On the other hand, c-oriented BTO has been used to fabricate memory devices on silicon as ferroelectric tunnel junctions. 7, 8 In memory devices high switchable ferroelectric polarization along the outof-plane direction is desired. It requires c-orientation, which is challenging for BTO films on Si due to the thermal expansion mismatch between BTO and Si that causes in-plane tensile stress. 9, 10 Moreover, the growth of epitaxial BTO on Si(001) requires a buffer layer, being used either yttria-stabilized zirconia (YSZ) and/or LaNiO 3 (LNO), [11] [12] [13] [14] [15] or SrTiO 3 (STO). [5] [6] [7] [8] [16] [17] [18] [19] [20] [21] The YSZ buffer layer is combined with other layers to accommodate progressively the high lattice mismatch of around 9% with BTO. The high mismatch causes in-plane compressive epitaxial stress, favoring growth of c-oriented BTO with high ferroelectric polarization for a broad range of BTO thickness. 13 In the case of the STO buffer layer, its lattice parameter is much closer to that of BTO permitting epitaxial growth without additional layers. The functional characterization of BTO film on STO/Si(001) has been usually based on piezoresponse force microscopy measurements, 16, 18, 19, 21 which is known that can not be taken as an unambiguously demonstration of ferroelectricity. [22] [23] [24] Recently, the hysteretic dependence of the resistance with the writing voltage expected for a ferroelectric tunnel junction was observed for BTO tunnel junctions on La 2/3 Sr 1/3 MnO 3 /STO/Si(001). 8 However, the direct evidence of ferroelectricity in BTO films on STO/Si(001) remains pending. The absence of reported results contrasts with the ferroelectric loops with high remnant polarization reported for BTO integrated with Si(001) using buffer layer heterostructures based on YSZ. 13, 15 It suggests that the used buffer layer could be critical to compensate the stress due to the thermal expansion mismatch. The integration of coriented BTO on Si(001) in an all-perovskite oxides heterostructure could be challenging, thus limiting the progress towards the fabrication of Pb-free ferroelectric memories on silicon wafers. Thus it is of major relevance to determine the ferroelectric properties of high quality epitaxial BTO films on Si(001) buffered with STO.
Here, we report on the growth and properties of BTO films on Si(001) buffered with STO. High quality STO layers were deposited by molecular beam epitaxy (MBE) on Si(001), 25 and they were used to grow by pulsed laser deposition (PLD) bilayers with bottom conducting LNO and top ferroelectric BTO. Deposition conditions permitting to obtain high ferroelectric polarization of BTO when deposited on LNO/CeO 2 /YSZ/Si(001) were used. 13 We will show that BTO films on LNO/STO/Si(001) are c-oriented with expanded c-axis parameter, and present high ferroelectric polarization and low leakage. The results constitute a direct and unambiguous prove of ferroelectricity of BTO integrated with Si(001) using STO as buffer layer.
Epitaxial STO buffer layers, 10 nm thick, were deposited by MBE on Si(001) wafers at a temperature of around 400 °C. The crystalline quality and morphology of the STO buffer layer were monitored during growth by using in-situ reflection high-energy electron diffraction (RHEED). Detailed growth conditions are presented in Supplementary Material. STO/Si (001) pieces were used as substrates to grow top-BTO/bottom-LNO by PLD in a single process.
Thickness (t) was around 30 nm and 200 nm for LNO and BTO, respectively. Epitaxial relationships and out-of-plane lattice parameters were determined by X-ray diffraction (XRD)
using CuK α radiation. The surface morphology was studied by atomic force microscopy (AFM).
The study of the microstructure was performed using an aberration corrected Nion UltraSTEM 200 microscope operating at 200 kV. Cross-section specimens were prepared using the standard mechanical polishing and ion-milling techniques. Platinum top contacts, 20 nm thick, were deposited by dc magnetron sputtering through stencil masks (squares around 60x60 μm 2 ).
Electrical measurements were performed at room temperature using a TFAnalyser2000 platform (aixACCT Systems GmbH) with a configuration of two BTO vertical capacitors in series, with the bottom LNO layer as a common electrode. 26 Polarization loops were obtained from current versus electric field measurements at 5 kHz using the dynamic hysteresis mode technique. 
